Crenarchaeol, a membrane-spanning glycerol dialkyl glycerol tetraether (GDGT) containing a cyclohexane moiety in addition to four cyclopentane moieties, was originally hypothesized to be synthesized exclusively by the mesophilic Crenarchaeota. Recent studies reporting the occurrence of crenarchaeol in hot springs and as a membrane constituent of the recently isolated thermophilic crenarchaeote "Candidatus Nitrosocaldus yellowstonii," however, have raised questions regarding its taxonomic distribution and function. To determine whether crenarchaeol in hot springs is indeed synthesized by members of the Archaea in situ or is of allochthonous origin, we quantified crenarchaeol present in the form of both intact polar lipids (IPLs) and core lipids in sediments of two California hot springs and in nearby soils. IPL-derived crenarchaeol (IPL-crenarchaeol) was found in both hot springs and soils, suggesting in situ production of this GDGT over a wide temperature range (12°C to 89°C). Quantification of archaeal amoA gene abundance by quantitative PCR showed a good correspondence with IPL-crenarchaeol, suggesting that it was indeed derived from living cells and that crenarchaeol-synthesizing members of the Archaea in our samples may also be ammonia oxidizers.
Numerous groups of the Archaea synthesize isoprenoid glycerol dialkyl glycerol tetraethers (GDGTs) as a major component of their core membrane lipids, which can contain up to eight cyclopentane moieties (e.g., see reference 7) (Fig. 1 ). An increase in the number of cyclopentane moieties results in denser packing of membrane lipids, allowing for the maintenance of both cellular membrane integrity at high temperatures and stable proton gradients under low-pH conditions (8) . This biophysical characteristic is hypothesized to be among those traits essential for the survival and persistence of the Archaea in the "extreme" environments in which they are commonly found (42) . GDGTs are synthesized by a large number of cultivated members of the Archaea (see overviews in references 20 and 34), and in nature, they are abundant in hot springs (24, 25, 34, 46) , for example, where members of the Archaea are known to thrive at high temperatures and over a wide pH range (3, 21) .
Crenarchaeol is unique among the GDGTs in that it contains a cyclohexane moiety in addition to four cyclopentane moieties (Fig. 1) . It was first reported in large abundances from Holocene and ancient sediments collected from various marine settings as supporting evidence for the widespread distribution of low-temperature relatives of the hyperthermophilic Archaea (31) . It was later proposed that crenarchaeol was synthesized exclusively by marine group I Crenarchaeota (36), a hypothesis further supported by core lipid analysis of the mesophilic marine group I.1a crenarchaeotes "Cenarchaeum symbiosum" (38) and "Candidatus Nitrosopumilus maritimus" SCM1 (30) , which showed that both of these organisms synthesize crenarchaeol at moderate temperatures. In addition to this, the apparent absence of crenarchaeol in cultures of (hyper)thermophilic members of the Archaea (see overviews in references 20 and 34) and molecular modeling (8, 37) led to the hypothesis that crenarchaeol decreases lipid density, effectively allowing archaeal membranes composed of membrane-spanning GDGTs to function at mesophilic temperatures (37) . Hence, crenarchaeol synthesis was thought to be instrumental in the evolution and radiation of mesophilic Crenarchaeota from thermophilic habitats (17) .
Recent studies, however, have reported the occurrence of crenarchaeol in hot springs with temperatures of up to 86.5°C (24, 25, 34, 46) . That work has been debated to some extent, as there exists the potential for the allochtonous input of fossilized lipid material from weathering of nearby soils where mesophilic Crenarchaeota may thrive: Schouten et al. (34) previously found large relative amounts of specific soil bacterium biomarkers in tandem with crenarchaeol in Yellowstone hot springs. In contrast, Reigstad et al. (28) reported the occurrence of crenarchaeol in the absence of soil-specific biomarkers in Icelandic hot springs. Furthermore, the recently isolated thermophilic crenarchaeote "Candidatus Nitrosocaldus yellowstonii" was shown to synthesize crenarchaeol at a growth temperature of 72°C (6) .
Core lipids (CLs) that occur in biological membranes generally contain polar head groups such as sugars and phosphates, which are rapidly cleaved upon cell senescence (10, 44) . The loss of head groups from intact polar lipids (IPLs) leaves relatively recalcitrant CLs to accumulate in the environment over time as fossil biomarkers. Therefore, depending on the extraction and/or analytical protocols, CLs present in environmental lipid extracts may be derived from both living cells and fossil biomass, including a mixture of both CL-derived GDGTs (CL-GDGTs) and IPL-derived GDGTs (IPL-GDGTs). Most studies of the presence of crenarchaeol in hot springs reported to date have analyzed directly extracted CL-crenarchaeol or CL-crenarchaeol released by the acid hydrolysis of Bligh-Dyer IPL lipid extracts, i.e., without prior separation of CL-GDGTs from IPL-GDGTs (24, 25, 28, 34, 46) . In these cases, the reported GDGT distributions represent an integrated signal of both "living" and fossilized material, rendering it impossible to distinguish what proportion (if any) of the observed crenarchaeol was derived from local living archaeal communities. Thus, the in situ production of crenarchaeol in hot springs and its importance relative to that of the in situ production of other archaeal GDGTs remain uncertain.
Here we have used a recently described chromatographic method (22, 26) to separately quantify the potential contributions of both in situ-produced and fossilized crenarchaeol (as well as other archaeal GDGTs) in two Californian hot springs and their surrounding soils. In addition, we have quantified the amounts of archaeal amoA and archaeal 16S rRNA gene copies from one site to make quantitative comparisons between gene abundance and IPL-GDGT concentrations.
MATERIALS AND METHODS
Sampling and study area. Material from two hot springs, Leonard's hot spring (41°36.086ЉN, 120°05.135ЉW) and "Ray's" hot spring (41°31.855ЉN, 120°04. 966ЉW), both located in Surprise Valley in northwestern California, as well as soils in a perpendicular transect extending from the hot springs were sampled in January 2007. Hot spring material consisted of surface mat and sediment (Leonard's hot spring) and surface sediment material ("Ray's" hot spring) taken with a metal spoon. From the edge of Leonard's and "Ray's" hot springs, soil samples (upper 10 cm) were taken along a perpendicular transect at distances of 10, 30, 60, and 150 cm and 10, 20, 40, 80, and 250 cm, respectively. Sample material to be analyzed for lipids was stored at Ϫ20°C until further analysis, and samples from which DNA was to be extracted were stored at Ϫ80°C. The in situ soil temperature at a 10-cm depth and the hot spring water temperature of each site were measured with an Ama-Digit Ad 20 Th digital thermometer, and the pH of the soils was determined using freeze-dried samples in distilled water (10:25, wt/vol) after vigorous shaking of the mixture for 1 min and allowing the particles settle for 30 min.
GDGT extraction, column fractionation, and acid hydrolysis. The mat/sediment and soil samples were freeze-dried and extracted three times using a modified Bligh-Dyer (1) technique to obtain CL-and IPL-GDGTs. A singlephase solvent mixture of methanol-dichloromethane (DCM)-phosphate buffer (2:1:0.8, vol/vol/vol) was added to the sample in a centrifuge tube and placed into an ultrasonic bath for 10 min. DCM and phosphate buffer were added to give a new volume ratio (1:1:0.9, vol/vol/vol). The extract and residue were separated by centrifugation at 2,500 rpm for 5 min. The methanol-phosphate buffer phase was removed, and the DCM phase was collected in a round-bottom flask. We did not substitute with a 5% trichloroacetic acid solution for the aqueous phase in the last two extractions, as previously suggested (39), because we were unsure how this would affect the stability of IPL head groups and potentially artificially create CLs. Thus, IPL concentrations may be potential underestimates based on our extraction procedure. The combined DCM phases were reduced under a rotary vacuum and dried over an Na 2 SO 4 column. The total Bligh-Dyer extract was fractionated over a preactivated silica gel (60 mesh) with 3 column volumes of hexane-ethyl acetate (3:1, vol/vol) to obtain the CL-GDGT fraction and was then fractionated with 3 column volumes of ethyl acetate followed by 3 column volumes of methanol to obtain an IPL-GDGT fraction according to methods described previously by Oba et al. (22) and Pitcher et al. (26) .
The IPL-GDGT fraction was subjected to acid hydrolysis to cleave polar head groups by refluxing in 2 ml of 5% HCl in methanol (MeOH) (96%) for 3 h. The pH of the cooled solution was adjusted to pH 5 with 2 N KOH-MeOH (1:1, vol/vol). Bidistilled water was added to a final ratio of H 2 O-MeOH of 1:1 (vol/vol), and this mixture was washed three times with DCM. The DCM fractions were collected and evaporated to dryness under a rotary vacuum. A known amount of C 46 internal GDGT standard (14) was added to both the IPL-GDGT fraction (before acid hydrolysis) and the CL-GDGT fraction, which were subsequently analyzed by high-performance liquid chromatography (HPLC)-mass spectrometry (MS).
GDGT analysis. Archaeal GDGTs were analyzed using modified procedures described previously by Hopmans et al. (13) and Schouten et al. (33) . Analyses were performed using an HP (Palo Alto, CA) 1100 series liquid chromatography-MS device equipped with an autoinjector and Chemstation chromatography manager software. For the first 5 min, elution was isocratic with 99% buffer A (hexane) and 1% buffer B (isopropanol), followed by a gradient to 1.8% buffer B in 45 min. Separation was achieved using a Prevail Cyano column (2.1 by 150 mm, 3 m; Alltech, Deerfield, IL) maintained at 30°C. For the simultaneous analysis of CL-and monohexose (MH)-derived GDGTs (MH-GDGTs) in the total Bligh-Dyer extract, the mobile-phase gradient described above was extended as described previously (26) . For the first 5 min, elution was isocratic, with 99% buffer A (hexane) and 1% buffer B (isopropanol), followed by a gradient to 1.8% buffer B in 45 min. This was followed by a gradient to 10% buffer B in 20 min. The total run time for this method was 90 min. Detection was achieved according to the MS method described above.
Quantification of GDGTs was achieved by adding a known amount of C 46 GDGT internal standard to each fraction. To check the performance of our column separations of the environmental samples, we quantified the amount of CL-GDGTs present in the IPL-GDGT fraction prior to acid hydrolysis. This showed that, on average, only 8.7% Ϯ 5.4% of IPL-GDGTs were present as CL-GDGTs prior to acid hydrolysis. However, since a proportion of these could have resulted from the degradation of intact GDGTs prior to and during analysis, we did not correct for them in our final concentration measurements. Thus, the IPL-GDGT concentrations presented here may be slight overestimations. Because crenarchaeol and GDGT-4 coelute, the concentrations of each were corrected according to a method described previously by Weijers et al. (43) .
DNA extraction and real-time PCR amplification of archaeal genes. DNA extraction of 0.2 to 0.4 g of sample material from Leonard's hot spring and adjacent soils was carried out using an Ultra Clean soil extraction kit (MoBio Labs) according to the manufacturer's protocol. Archaeal 16S rRNA and archaeal amoA gene copy numbers were determined using primer pairs Parch519f/ Arc915r (5) and Arch-amoA-for/Arch-amoA-rev (4). Real-time quantification was performed using an iCycler apparatus (Bio-Rad, Hercules, CA) with all reactions proceeding with an initial denaturing step for 5 min at 94°C, followed by 38 cycles of denaturing for 30 s at 94°C, 40 s of primer annealing at 64°C and 58.5°C for the 16S rRNA and amoA genes, respectively, and 40 s of primer extension at 72°C. The real-time increase in fluorescence determined by use of SYBR green (Molecular Probes) indicated an accumulation of double-stranded amplicons. Calibration of gene copy numbers was performed using real-time standard curves generated with known copy numbers ranging from 10 2 to 10 7 copies of an enriched marine group I crenarchaeote from the North Sea (45), which were generated during the same PCRs and with the same primers used to detect the environmental genes.
RESULTS
Distribution and abundance of CL-and IPL-GDGTs. HPLC-MS analysis of the CL-and IPL-GDGT fractions revealed differences in GDGT distributions between both hot springs ( Fig. 2a to d) . The IPL-GDGT distribution in Leonard's spring was dominated by crenarchaeol, with substantial amounts of GDGTs 0 and 2 and minor amounts of GDGTs 1 and 3 and the crenarchaeol regioisomer (Fig. 2a) . In "Ray's" hot spring, IPL-crenarchaeol was also present; however, in contrast to Leonard's hot spring, the relative amounts were small compared to those of the other GDGTs. IPLs from "Ray's" spring were dominated by GDGT-4 but also contained substantial amounts of GDGTs 0 to 3 (Fig. 2b) . The CL-GDGT distributions in the hot springs were generally similar to those of the corresponding IPL-GDGTs ( Fig. 2c and d) . Notable differences include a larger relative contribution of GDGT-0 and a smaller relative contribution of crenarchaeol in both springs. The distributions of GDGTs 1 to 3 were similar in both the IPL and CL fractions. GDGT distributions from the soils differed substantially from those of the corresponding hot spring sediments at each site ( Fig. 2e to h ). Crenarchaeol was still relatively abundant among the IPL-GDGTs in the soil sampled 10 cm from Leonard's hot spring; however, this soil was dominated by two GDGTs, which appeared to be earlyeluting isomers of GDGTs 1 and 2 (Fig. 2e) . IPL-GDGTs obtained from soil sampled 10 cm away from the edge of "Ray's" hot spring were dominated by crenarchaeol, with substantially smaller amounts of the other GDGTs (Fig. 2f) .
The CL-GDGT distribution in the 10-cm soil sampled near Leonard's hot spring was quite different from the corresponding IPL distribution (cf. Fig. 2e and g ): GDGTs 1 and 2 were comparatively low in abundance, while crenarchaeol dominated along with a substantial amount of GDGT-0. The earlyeluting isomers of GDGTs 1 and 2, which were in high abundance in the IPL fraction, occurred with a much lower relative abundance here, albeit they were still present in near-equal amounts relative to those for GDGTs 1 and 2. The CL-GDGT distribution obtained from the soil near "Ray's" hot spring was similar to that of the corresponding IPLs, with only slightly less GDGT-0 and slightly more GDGT-2 and GDGT-3 (Fig. 2h) .
Quantification of the IPL-and CL-GDGT fractions showed that the total IPL-GDGT concentration was always higher than the total CL-GDGT concentration, which ranged from 1.4 to 540 ng g Ϫ1 and 0.4 to 44 ng g Ϫ1 , respectively (Table 1 ). "Ray's" hot spring contained by far the highest concentration of IPL-GDGTs, with concentrations dropping significantly along the soil transect to ca. 1.4 ng g Ϫ1 (Table 1 and Fig. 3a) . Much lower total concentrations of IPL-GDGTs were observed in Leonard's hot spring (11 ng g Ϫ1 ), but higher concentrations of IPLs were observed in the surrounding soils (Table  1 and Fig. 3b) .
IPL-crenarchaeol concentrations varied from 0.8 to 22 ng g Ϫ1 and contributed between 4 and 61% to the total IPL-GDGT concentrations (Table 1 ). The highest concentration of IPL-crenarchaeol was actually observed in "Ray's" hot spring at 89°C, although it contributed only ca. 4% to the total archaeal IPL-GDGT concentration (Fig. 3c) . The IPL-crenarchaeol concentration decreased slightly in the 10-cm soil to 20 ng g Ϫ1 and then decreased considerably in soils sampled further away from the hot spring. In contrast, Leonard's hot spring contained smaller absolute amounts of IPL-crenarchaeol (5.8 ng g Ϫ1 ); however, here it represented ca. 63% of the total IPL-GDGTs quantified (Fig. 3d) . In soils sampled away from Leonard's spring, the crenarchaeol concentration increased to ca. 15 ng g Ϫ1 (at 30 cm) and then decreased again. The concentration of CL-crenarchaeol ranged from 0.0 to 16 ng g Ϫ1 , and CL-crenarchaeol was always present in smaller amounts than IPL-crenarchaeol in the same sample. Cren, crenarchaeol; CrenЈ, regioisomer of crenarchaeol; NA, not analyzed. ‫,ء‬ GDGTs 1 and 2 in Leonard's 10-cm soil are leading regioisomers ( Fig. 2e and g ). Numbers correspond to GDGT structures shown in Fig. 1 (e.g., "0" is GDGT-0).
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Distribution of MH-GDGTs.
Analysis of the total BlighDyer extracts with HPLC-APCI-MS using a newly described method (26) allowed the detection of both the CL-GDGT and MH-GDGTs (Fig. 1 ) in a single HPLC-MS run (Fig. 4) . The base peak chromatograms of each hot spring showed relatively small amounts of CL-GDGTs compared to those of MHGDGTs, which is in agreement with the higher concentrations of IPL-GDGTs than of CL-GDGTs quantified after hydrolysis (Table 1) . Crenarchaeol dominated both the CL-and MHGDGTs in Leonard's hot spring, whereas crenarchaeol represented a minor component of the CL-and MH-GDGTs in "Ray's" hot spring. We did not quantify MH-GDGTs directly due to a lack of an authentic MH-GDGT standard, and we therefore cannot conclude what proportion of the IPL-GDGTs in our samples quantified after acid hydrolysis was comprised of IPLs with an MH moiety.
Archaeal 16S rRNA and amoA gene abundance at Leonard's hot spring. The archaeal 16S rRNA gene abundance in Leonard's hot spring was 7.3 ϫ 10 7 copies g Ϫ1 . Similar gene abundances were found in the adjacent soils, with the exception of soil at a 10-cm distance, which had 1.8 ϫ 10 9 copies g Ϫ1 (Table  1 and Fig. 3b ). Archaeal amoA gene copy numbers ranged from 5.3 ϫ 10 5 to 1.6 ϫ 10 7 copies g Ϫ1 , with the lowest abundance observed in the hot spring and the highest abundance observed in soil sampled 30 cm from the spring (Fig. 3d) . The amoA gene abundance decreased at a 60-cm distance from the hot spring and increased again at 150 cm.
DISCUSSION
Sources of GDGTs in hot springs and soils. The occurrence of GDGTs that we observed in the hot springs is consistent with the known prevalence of thermophilic Archaea in these environments (3, 21) . They are likely sourced by a mixed archaeal community, as GDGTs 0 to 4 are synthesized in various relative abundances by many cultured representatives of (hyper)thermophilic Euryarchaeota and Crenarchaeota (20, 34) . For example, most cultured members of the Euryarchaeota, including members of the orders Thermococcales (40), Archaeoglobales (41), Methanosarcinales (12), Methanobacteriales (18) , Methanococcales (41) , and Methanomicrobiales (38), produce only GDGT-0. Other euryarchaeotes, however, such as the Methanopyrales (9; M. van der Meer et al., unpublished results) and members of the anaerobic methane oxidizer (ANME)-1 (2) and deep-sea hydrothermal-vent euryarchaeotic 2 (DHVE2) lineage (29) clusters, produce various amounts of GDGTs 0 to 4, while some members of the Thermoplasmatales (20) produce GDGTs with up to eight cyclopentane rings. Most cultured (hyper)thermophilic Crenarchaeota synthesize at least GDGTs 0 to 4, and some can also synthesize GDGTs with up to eight cyclopentane moieties (cf. reference 34). In contrast, cultivated representatives of the group I.1a Crenarchaeota, "Candidatus Nitrosopumilus maritimus" SCM (16) and Cenarchaeum symbiosum (27) ; group I.1b Crenarchaeota, "Nitrosophaera gargensis" (A. Pitcher et al., unpublished results); and the thermophilic ammonia-oxidizing Archaea (ThAOA)/hot-water crenarchaeotic group (HWCG) III cluster of the Crenarchaeota, "Candidatus Nitrosocaldus yellowstonii" (6) , all synthesize substantial amounts of GDGT-0 and/or crenarchaeol, with minor amounts of GDGTs 1 to 3 (6, 30, 37) . It is therefore likely that GDGTs 0 to 4 measured in this study have multiple sources and that crenarchaeol is derived predominantly from the Crenarchaeota falling in the group I.1a, I.1b, and ThAOA/HWCG III clusters of the Crenarchaeota.
The contrasting IPL-GDGT distributions in Leonard's and "Ray's" hot spring indicate significant differences in the resident archaeal communities. The IPL-GDGT distribution in Leonard's hot spring is similar to those of others observed for isolates of the group I.1a Crenarchaeota, whereas the IPL-GDGT distribution in "Ray's" hot spring is similar to those observed in (hyper)thermophilic Crenarchaeota and some members of the Euryarchaeota (e.g., see references 25 and 34). The high temperature of "Ray's" hot spring (89°C) versus that of Leonard's hot spring (58°C) may be a substantial controlling factor in governing the differences in archaeal community compositions, as Leonard's and "Ray's" hot springs were similar in pH and geographically very close.
For soils, the IPL-GDGT distributions are similar to those commonly observed for isolates of the group I.1a Crenarchaeota, except for the soil closest to Leonard's hot spring, which shows unusually abundant early-eluting isomers of GDGTs 1 and 2. GDGTs 1and 2 are abundant components in ANME-1 Archaea (2, 23, 35) . Indeed, in contrast to the other soils, this soil was composed mainly of fine, clay-like material and had a sulfidic smell, indicating anoxic conditions, which could support such a community (Table 1) . However, no ANME Archaea in a soil environment have been reported, and the existence of such a community in this soil sample has yet to be identified.
Contributions of fossil and IPL-GDGTs. The underlying presupposition of our work is that the IPL-GDGTs were derived from living biomass and thus produced in situ. This relies mainly on two assumptions: (i) that GDGTs in the hydrolyzed IPL fraction were not significantly contaminated by CL-GDGTs and (ii) that GDGTs with intact polar head groups are derived only from living biomass. The first assumption is supported by the direct analysis of the MHGDGTs, which confirmed the presence of GDGTs with polar head groups in our samples and that they are likely more abundant than those of CL-GDGTs (Fig. 4) . It should also be noted that MH-GDGTs represent only a part of the total IPL-GDGT pool, as the Archaea are capable of synthesizing a variety of other head groups including dihexoses and phosphohexoses (15, 30, 39) . Support for our second assumption may come by estimating archaeal cell numbers from IPL-GDGT concentrations. If we assume that the average GDGT-synthesizing archaeon in our samples contains ϳ1 ϫ 10 Ϫ3 pg GDGTs cell Ϫ1 (8, 36) , the IPL-estimated archaeal cell concentrations for Leonard's site (Table 1) fall within an order of magnitude of archaeal 16S rRNA gene copies g Ϫ1 , with the exception of the 10-cm soil sample (see below). We did not quantify all GDGTs that are known to be produced by the Archaea, e.g., GDGTs with five to eight cyclopentane rings, which could account for some of the observed offset between gene abundance and IPL-GDGTbased cell estimates. Nevertheless, the good correspondence between IPL-GDGT-based cell estimates and gene abundance supports our assumption that the IPL-GDGTs that we quantified were indeed derived mostly from living Archaea.
In the 10-cm soil of Leonard's hot spring, the IPL-GDGTbased cell estimate was ca. 31 times lower than the corresponding number of 16S rRNA gene copies (Table 1) . Here, the highest abundances of both archaeal 16S rRNA genes and IPL-GDGTs were measured; however, this maximum represented an increase in archaeal 16S rRNA gene copy numbers from the spring to the 10-cm soil of ca. 25-fold compared to the corresponding increase in the IPL-GDGT concentration of ca. 5-fold only. This discrepancy could be due to the presence of a dominant microbial community consisting primarily, for example, of methanogens, which produce predominantly diglyceride dialkyl ether lipids such as archaeol and hydroxy-archaeol as their main membrane core lipids (15), which we did not measure. Indeed, this anomaly occurred in the soil with an IPL-GDGT distribution typical for ANME-1 Archaea (Fig. 2e) and which appeared to anoxic.
Absolute quantification of GDGTs from both CL-and IPL-GDGT fractions (Table 1) shows that the contribution of fossilized GDGTs to the total GDGT pool (i.e., summed total of IPL-and CL-GDGTs) is as high as 40%. It is also important that this percentage varied widely among individual GDGTs (Fig. 5) . For both hot springs, the contribution of fossil GDGTs to the total pool was fairly low (ca. 3 to 8%) and relatively even among individual GDGTs. However, the fossil GDGT contribution in the surrounding soils was substantially higher (up to 44%) and was more variable among individual GDGTs. For example, ca. 2% of the total crenarchaeol measured in Leonard's hot spring was derived from fossil material, whereas crenarchaeol extracted from the soil located 10 cm away from the hot spring contained over 40% fossilized material. Similarly, in "Ray's" hot spring, ca. 9% of crenarchaeol was of fossil origin, whereas fossil crenarchaeol contributed 45% to the total crenarchaeol extracted from the nearest soil. Such a large variation in the fossil contribution to the GDGT distribution in soils and hot springs implies that, in general, analysis of GDGT distributions obtained from directly extracted CL-GDGTs or from CL-GDGTs present in acid-hydrolyzed Bligh-Dyer IPL extracts where background CLGDGTs have not first been removed may be influenced by a substantial fossil signal and potentially skew the GDGT distribution of the living archaeal community, although the data show that this effect appears to be expressed more strongly in soils than in the hot springs.
In situ production of crenarchaeol in hot springs and soils. Separate analyses of CL-and IPL-GDGT fractions allowed us to evaluate whether or not the crenarchaeol found in our hot springs was produced in situ. In both Leonard's and "Ray's" hot springs, we did find IPL-crenarchaeol ( Fig. 3c and d) and comparatively minor amounts of fossil crenarchaeol ( Table 1) , suggesting that crenarchaeol is indeed being synthesized in situ by (hyper)thermophilic Crenarchaeota and that allochtonous input is not important. This is supported by the direct analysis of our total Bligh-Dyer aliquots, which confirmed the presence of MH-crenarchaeol (Fig. 4 ). An MH moiety is a common head group synthesized by the Archaea and has been identified as being one of the forms of IPL-crenarchaeol in the cell membrane of "Candidatus Nitrosopumilus maritimus" SCM1 (30) . There are some differences between the relative distributions of MH-GDGTs and acid-hydrolyzed IPL-GDGTs (Fig. 2) , likely indicating the presence of IPL-crenarchaeol with multiple head groups. Indeed, "Candidatus Nitrosopumilus maritimus" SCM1 contains IPL-GDGTs with two hexose moieties and a phosphohexose moiety in addition to MHGDGTs (30) . The presence of IPL-crenarchaeol shows that crenarchaeol synthesis occurs in hot springs and soils over a wide temperature range (12°C to 89°C). Our findings corroborate those of others who previously found crenarchaeol in hot springs (24, 25, 28, 34, 46) and soils (19, 43) and are supported by work showing that crenarchaeol is synthesized by enrichment cultures of ammonia-oxidizing (hyper)thermophiles (6; Pitcher et al., unpublished). Further confirmation of the in situ production of crenarchaeol comes from analyses of archaeal amoA, the gene coding for a subunit of ammonia monooxygenase, which is the membrane-bound protein that catalyzes the rate-limiting step in the biochemical process of ammonia oxidation. In general, we find that amoA copy numbers and IPL-crenarchaeol concentrations follow similar patterns at Leonard's site (Fig. 3d) . This also further corroborates the hypothesis that crenarchaeol is derived predominantly from the Crenarchaeota involved in ammonia oxidation (6) .
Interestingly, there is not a significant relationship between the relative abundance of IPL-crenarchaeol and temperature, as might have been expected based on the results of previous studies of hot springs (46) or marine environments (32) . This is likely because the other GDGTs are sourced from a variety of members of the Archaea and not only from specific groups of the Crenarchaeota. Shifts in the relative abundances of GDGTs in such terrestrial environments are more likely to reflect changes in community structure than in the marine environment, where archaeal diversity is lower and environmental conditions are comparatively stable. There is, however, some correspondence between IPL-crenarchaeol abundance and pH; i.e., the pH of "Ray's" hot spring is much more alkaline than is the pH of the corresponding soil transect, and there is a substantial decrease in the IPL-crenarchaeol concentration between the spring and soils (Table 1 ). In contrast, the pH of Leonard's spring is quite similar to that of the surrounding soils, and IPL-crenarchaeol concentrations are quite similar as well. Our data set is too small to derive statistically significant relationships; however, these results compare well with those described previously by Weijers et al. (43) and Pearson et al. (25) , who also found a positive relationship between crenarchaeol and pH.
Our results, together with those reported previously (24, 25, 34, 46) , raise an intriguing question: why is crenarchaeol specifically synthesized by selected groups of the Crenarchaeota? The fact that all of the crenarchaeol-synthesizing Archaea cultured to date are also ammonia oxidizers suggests that crenarchaeol may be diagnostic for the ammonia-oxidizing Crenarchaeota. This is supported by the correspondence between archaeal amoA gene copy abundances and IPL-crenarchaeol concentrations (Fig. 3d) , implying that the crenarchaeol-synthesizing Archaea at our study sites may also be predominantly ammonia oxidizers. Nevertheless, we cannot yet exclude the possibility that crenarchaeol synthesis was an evolutionary trait that allowed the (hyper)thermophilic Archaea to expand into temperate environments (17) . It is possible that a group of mesophilic Crenarchaeota subsequently evolved back to hot environments and utilized alternative mechanisms for the maintenance of cellular membrane integrity while still producing crenarchaeol. Further studies of the biophysical properties of crenarchaeol are needed to elucidate its functional utility in cell membranes of the Crenarchaeota.
Conclusions. IPL-crenarchaeol derived from living Archaea was found in two hot Californian springs, indicating that crenarchaeol is synthesized in situ at high temperatures. The correspondence between IPL-crenarchaeol and archaeal amoA in Leonard's hot spring and surrounding soils further implies that the crenarchaeol-synthesizing Crenarchaeota were predominantly ammonia oxidizers. Quantification of both CLand IPL-GDGTs showed that the long-term accumulation of fossilized lipids may contribute substantially to the total lipid pool, especially in soils (up to 40%). These fossilized lipids may potentially mask relationships between biomarker distribution and microbial community structure.
